Abstract Purpose: The strategy of intracellular antibodies to neutralize the function of target proteins has been widely developed for cancer research. This study used an intrabody against p65 subunit to prevent nuclear factor nB (NF-nB) transcriptional activity in glioma cells and to inhibit the expression of its target genes involved in the invasion and angiogenesis of human gliomas. Experimental Design: A single-chain fragment of antibody variable region (scFv) against p65 was prepared using phage display technique. We then prepared an anti-p65 intrabody construct (pFv/nu) by cloning the scFv-encoding sequence into the mammalian nuclear-targeting vector, pCMV/myc/nuc. Results: p65 expression in human glioma cells (U251 and U87) transfected with pFv/nu was significantly decreased.We showed that NF-nB nuclear translocation and its DNA binding activity were blocked via intrabody transfection in electrophoretic mobility shift assays and the inhibition of NF-nB activity in nucleus resulted in the decreasing expression and bioactivity of matrix metalloproteinase-9, urokinase-type plasminogen activator receptor, urokinase-type plasminogen activator, and vascular endothelial growth factor. The intrabody transfected glioma cells showed a markedly lower level of invasion in Matrigel invasion assay. The capillary-like structure formation of endothelial cells was also repressed by coculture with the intrabody transfected glioma cells or exposure to their conditional medium. Intrabody transfection neither induced apoptosis nor altered cell proliferation in U251and U87 cells as compared with the control vector pCMV/nu. After the injection of pFv/nu-transfected glioma cells, preestablished tumors were almost completely regressed when compared with mock, pCMV/nu, and pGFP/nu. Conclusion: Blocking NF-nB activity via the nuclear intrabody expression might be a potential approach for cancer therapy.
Malignant gliomas are the most common primary tumors arising in the human brain, accounting for >60% of all primary brain tumors (1) . Glioblastoma multiforme (WHO grade 4 glioma) is the most frequent and refractory malignant brain tumor to affect adults, with a median survival rate of <1 year and a 5-year survival rate of V5%, despite surgery, chemotherapy, and radiotherapy (2) . Therefore, gene therapy against the characteristic invasive behavior of glioblastoma might offer novel treatment strategies when combined with conventional therapeutic agents.
Nuclear factor nB (NF-nB) is a sequence-specific transcription factor that belongs to the reticuloendotheliosis (Rel) family proteins (3, 4) . Constitutive activation of NF-nB plays an important role in the tumorigenesis of diffuse gliomas and in promoting the growth of high-grade gliomas, as observed by in vitro and in vivo studies (5, 6) . The autocrine activity of tumor necrosis factor-a seems likely to sustain NF-nB activation in human gliomas. Once activated by tumor necrosis factor-a, NF-nB initiates a cascade of signaling events that trigger phosphorylation, ubiquitination, and subsequent proteasomal degradation of InB. Consequently, NF-nB is released to translocate into the nucleus and activate the transcription of a variety of genes, including a gene encoding one of its cytosolic inhibitors, InBa, as well as other genes that encode cytokines, cytokine receptors, adhesion molecules, and proteins involved in tumorigenesis and progress. NF-nB subunits, including RelA (p65), RelB (p50), and RelC, contain two essential domains involved in NF-nB activity. One is a conserved region in their NH 2 terminus, known as the Rel homology domain, which is responsible for dimerization, nuclear localization, and DNA binding; the other serves as transactivation domain within their COOH terminus, of which the activated nuclear NF-nB is phosphorylated after its translocation from cytoplasm and modulates NF-nB transcriptional activity. Growing evidence has shown that the transcriptional activity of NF-nB can be regulated both by cytosolic sequestration of InB and by inducible phosphorylation of p65 (7 -9) . The molecular mechanisms and biological consequences of p65 phosphorylation are currently another crucially important determinant for NF-nB mechanism -based therapies against cancer.
Due to the presence of a strong transcriptional activation domain, RelA (p65) is responsible for most of the transcriptional activity of NF-nB (10) . However, intrabody strategies based on p65 phosphorylation during NF-nB transcriptional activation have not yet been done. Therefore, we prepared a single-chain antibody against human p65 (RelA subunit of NF-nB), which recognizes a COOH-terminal epitope in the transactivation region using human single-fold single-chain variable fragment (scFv) libraries (Tomlinson I + J). We then constructed a pFv/nu vector, designed to prevent phosphorylation of transactivated p65, which could express anti-p65 intrabodies in the nucleus of human glioma cells, resulting in inhibitory expression of NF-nB -dependent genes, such as matrix metalloproteinase (MMP-9), urokinase-type plasminogen activator (uPA), uPA receptor (uPAR), and vascular endothelial growth factor (VEGF).
Our findings indicate that the anti-p65 nuclear-targeted intrabodies significantly decreased the expression of phosphop65, p65, p50, and InBa proteins in U251 and U87 glioma cells, whereas the nuclear translocation and sequence-specific DNA binding activities of NF-nB were blocked. In addition, the blockade of NF-nB transcriptional activity in nucleus led to the down-regulation of MMP-9, uPAR, uPA, and VEGF at both mRNA and protein levels. After intrabody transfection, the ability of in vitro migration and angiogenesis of glioma cells was inhibited. However, the NF-nB functions interrupted by intrabody therapy did not alter cell proliferation or induce apoptosis in U251 or U87 cells. In addition, the growth of the intracranial tumor established by the injection of pFv/nutransfected U251 and U87 cells was almost completely inhibited. This finding suggests that the blockade of transcriptional activity of NF-nB by intrabody expression in the nuclei of human glioblastoma cells could contribute to the inhibition of invasion, angiogenesis, and tumor growth through downregulation of NF-nB target proteins, uPA, uPAR, MMP-9, and VEGF, and serve as a promising therapeutic strategy for the treatment of human glioblastomas.
Materials and Methods
Selection of scFv from phage display library. ScFv selection was carried out using the human single-fold scFv libraries (Tomlinson I + J), which are being distributed by Medical Research Council HGMP Resource Centre. In the library, >100 million different scFv fragments are cloned into an ampicillin-resistant phagemid vector pIT2 under pelB-leader control and transformed into TG1 E. coli cells. All scFv fragments are composed of a single polypeptide with the V H and V L domains attached to one another by a flexible glycine-serine linker, fused with a myc tag and a His tag at the COOH terminus.
To obtain anti-p65 scFv fragments from the two libraries, 10 Ag of a bioactive peptide from the COOH-terminal region of the human p65 subunit of transcription factor NF-nB (New England Peptide Co.; p65 bioactive peptide: amino acids 463-472, located within transactivation domain 2) were coated overnight in Maxisorb tubes (Nunc Corp., Naperville, IL) and four rounds of selections were undertaken according to a standard protocol. Briefly, E. coli TG-1 was infected with the eluted phages, rescued by the helper phage, and finally the antigen-bound phages were prepared for the further selection after enrichment, amplification, and purification. After four rounds, E. coli TG-1 was infected with the final phage preparations and individual ampicillinresistant colonies (phage clones) were selected for further analysis.
ELISA. To measure antigen-binding specificity of scFvs, polyclonal and monoclonal phage ELISA were used to screen phage populations produced during each round of selection and phages from single colonies, respectively. The antigen, p65 bioactive peptide coated in 96-well plates was incubated with either polyethylene glycol -precipitated phage from the end of each round of selection or single-phage suspension for 3 h, with bovine serum albumin or PBS as negative controls. The amount of bound phages was determined using horseradish peroxidase/anti-M13 monoclonal conjugate in polyclonal ELISA, and the incorporation of a small peptide epitope (myc-tag) at the COOH-terminal end of scFv allowed detection with the primary antibody [anti -c-myc monoclonal antibody (mAb)] to determine its specific affinity to p65 in monoclonal ELISA. After visualization with the 3,3 ¶,5,5 ¶-tetramethylbenzidine substrate (GE Healthcare, Waukesha, WI), the colorimetric evaluation of binding activity was measured in an ELISA reader (Benchmark, Bio-Rad, Hercules, CA) at 450 nm, with a reference wavelength of 650 nm.
To determine the affinity of scFv to p65 bioactive peptide, competitive ELISA was done. In brief, the supernatants of total lysates from HB2151 bacteria culture were extracted to isolate soluble scFv and measure the concentration using a BCA assay. The different scFvs were incubated with p65 bioactive peptide (competitor) at serial concentrations ranging from 10 À11 to 10 À5 for 2 h. Then, ELISA was done as described above. PBS and scFvs without preincubation with competitor were also used as negative and positive controls, respectively. The affinity constant was defined as the reciprocal of the competitor concentration required for 50% inhibition of maximal scFv binding (determined by the positive control, non-preincubated antibody) and was expressed as per molar concentration. PCR screening and sequence alignments of p65-specific phage clones. To check individual clones for the presence of full-length V H and V L inserts, the selected clones were screened using PCR with the following conditions: 35 cycles of 94jC for 1 min, 55jC for 1 min (annealing), and 72jC for 2 min (extension) with a terminal 72jC, 10 min final extension cycle. The positive selected phage clones were sequenced using the primers LMB3 (5 ¶-CAGGAAACAGCTATGAC) and pHEN Seq (5 ¶-CTATGCGGCCCCATTCA) anti-p65 scFv DNA fragment. Sequence alignments to National Center for Biotechnology Information database were carried out using Immunoglobulin BLAST.
Construction of the nuclear-targeted anti-p65 intrabody. ScFv coding sequence was isolated from pIT2 by NcoI/Not I restriction and subcloned into the vector pCMV/myc/nuc (pCMV/nu) digested with the same enzymes. The anti-p65 intrabody construct (named pFv/nu) was cloned in-frame with the nuclear location signal and c-myc epitope at the COOH terminus and expressed as a fusion protein, subsequently confirmed by DNA sequencing.
Cell culture and transfection. Human glioma cell lines, U251 and U87, were grown in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum in a humidified incubator with 5% CO 2 at 37jC. For transfection with pFv/nu, pCMV/nu, and pGFP/nu, Lipofectamine reagent (Invitrogen) was used according to the manufacturer's instructions. After 48 h posttransfection, cells were harvested for isolation of total RNA and/or whole-cell lysate for reverse transcription-PCR (RT-PCR) or Western blotting. For zymography and in vitro angiogenic assays, the complete medium was replaced with serum-free medium for 12-h incubation after transfection, and conditioned medium was collected. DMEM containing G418 (800 Ag/mL) was used for selection of stable clones of transfection, and DMEM with 400 Ag/mL G418 was used for maintenance of the stable transfectants.
Western blotting assay. Western blotting was done. Equal amounts of protein from cell lysates were mixed with 2Â SDS loading buffer and were separated by SDS-PAGE, transferred onto nitrocellulose membranes, and incubated with primary antibodies. The enhanced chemiluminescence system was used for detection of immunoreactive proteins with horseradish peroxidase -conjugated immunoglobulin G (IgG) as secondary antibodies. The following antibodies were used: anti -c-myc mAb clone 9E10 (Sigma, St. Louis, MO), anti-p65, antiphospho-p65, anti-p50, anti-InBa, anti -phospho-InBa, anti-InB kinase a, anti -MMP-9, anti-uPA, anti-uPAR, anti-VEGF, and antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH). All antibodies were obtained from (Biomeda, Foster City, CA) and Santa Cruz Biotechnology (Santa Cruz, CA).
Immunofluorescence assay. Cells were fixed with 10% buffered formalin for 20 min at room temperature, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and incubated with primary antibodies followed by fluorescent secondary antibody. A Leitz fluorescence microscope was used to acquire the images for further analysis.
Cell proliferation assay. Colorimetric 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrasodium bromide (MTT; Chemicon, Temecula, CA) assay was used for the evaluation of glioma cells proliferation according to the manufacturer's instructions. After seeding cells into 96-well plates, MTT was added into the plates for additional incubation for 3 to 4 h in a humidified incubator with 5% CO 2 at 37jC. Following addition of detergent reagent, the absorbance at 570 nm was measured on a microplate reader (Benchmark, Bio-Rad) with a reference wavelength of 630 nm.
Flow cytometry. Samples were incubated in the presence of anti-p65 antibody at 4jC overnight at various time points posttransfection. FITCconjugated IgG (final concentration, 50 nmol/L) was added and incubated for 1 h at room temperature. Finally, the cells were analyzed with a FACScan cytometer (Becton Dickinson, Mountain View, CA) equipped with an argon ion laser emitting at 488 nm.
Electrophoretic mobility shift assay. To detect the DNA binding activity of NF-nB, electrophoretic mobility shift assay was done according to the manufacturer's instructions (Panomics, Inc., Redwood City, CA). Briefly, nuclear proteins were prepared using a nuclear extraction kit and their concentrations determined by protein estimation procedure. A biotin-labeled NF-nB probe with a 5 ¶-AGTTGAGGG-GACTTTCCCAGGC-3 ¶ sequence or an unlabeled cold probe was used to bind nuclear proteins at 15jC to 20jC for 30 min. Products were run on a 6% nondenaturing polyacrylamide gel in 0.5Â Tris-borate EDTA at 120 V for 60 min at 4jC; the shifted bands corresponding to the protein/DNA complexes were separated relative to the unbound dsDNA. The gel was then transferred onto a presoaked membrane (Pall Biodyne B membrane) at 300 mA for 30 min at 4jC. Following the immobilization of bound oligonucleotides in the membrane by a UV-cross-linking oven for 5 min, the shifted bands were visualized after exposure to film.
RT-PCR. Total RNA was isolated from the transfected cells using the Qiagen RNeasy kit (Qiagen, Inc., Valencia, CA) according to the manufacturer's protocol, and OneStep RT-PCR kit (Qiagen) was used for detecting mRNA expression of MMP-9, uPA, and VEGF. First-strand cDNA was prepared using Omniscript and Sensiscript reverse transcriptases at 50jC for 30 min. PCR amplification was then carried out under the following conditions: 95jC for 15 min, followed by 35 cycles at 94jC for 1 min, at either 48jC (for amplification of uPAR) or 56jC (for MMP-9, VEGF, uPA, and GAPDH as an internal control) for 1 min, and at 72jC for 1 min. The final extension was completed at 72jC for 10 min. The primers used are shown in Table 1 .
Zymography. Gelatin and fibrin zymography were done to detect MMPs and uPA, respectively, as previously described (11) . For gelatin zymography, the cell conditioned medium was collected following protein estimation and equal amounts of protein were subjected to SDS-PAGE under nonreducing conditions in 10% SDS-PAGE gel containing 0.1% gelatin. Gels were washed in 2.5% Triton X-100 and incubated in Tris-CaCl 2 buffer at 37jC for 18 to 22 h. The gels were then stained with 0.2% Coomassie blue for 30 min and destained in 20% methanol and 10% acetic acid. The clear bands represented gelatinase activity. Fibrin zymography was similarly done to detect uPA using the above-mentioned method instead of the gel-containing fibrin and plasminogen.
Matrigel invasion assay. The invasiveness of glioma cells was tested after transfection as previously described. The cells (1 Â 10 6 /mL) were added to the upper wells coated with Matrigel (1 mg/mL; Collaborative Research, Inc., Boston, MA) with serum-free medium containing 25 Ag/mL fibronectin as a chemoattractive agent in the lower wells. After a 24-h incubation period, cells that migrated through the filters into the lower chamber were counted by the number of cells on the lower side of the membrane in five random fields after staining with Hema-3 kit.
In vitro angiogenesis assay. Glioma cells (2 Â 10 4 /mL) were transfected with various plasmids for 48 h and the conditioned medium was filtered off for future research as previously described (12) . HMEC-1 endothelial cells (4 Â 10 4 ) were seeded onto eight-well chamber slides and the aforementioned conditioned medium was added. Cells were cultured for 72 h until capillary network formation was observed. The number of branch points and total number of branches per point were counted after H&E staining to quantify the degree of angiogenesis.
Capillary-like structure formation in coculture assay. Glioma cells (2 Â 10 4 ) were seeded onto eight-well chamber slides and transfected with various plasmids for 72 h. Cell medium was removed and allowed to coculture with HMEC-1 endothelial cells (4 Â 10 4 ) for 72 h. Capillary networks, indicators of angiogenesis, were assessed with VIII antibody and then with FITC-conjugated secondary antibody under fluorescence microscopy.
Apoptosis assay. Cells were cultured in six-well plates (1 Â 10 6 per well) and transfected for 72 h. The apoptotic cells were stained with Hoechst 33244 dye, which selectively stains nuclei of apoptotic cells. Terminal deoxynucleotidyl transferase biotin-dUTP nick-end labeling apoptosis assay was done for the DNA fragmentation fluorescence staining under the manufacturer's instructions (Upstate Cell Signaling Solution, Charlottesville, VA). Briefly, cells in eight-well chamber slides were fixed with 4% paraformaldehyde-PBS for 15 min at room temperature and then incubated with 50 AL of terminal deoxynucleotidyl transferase end-labeling cocktail for 1 h, following washing in PBS thrice and permeabilization with 0.05% Tween 20, 0.2% bovine serum albumin in PBS for 15 min at room temperature. After the steps including immersion of cells in Tris-borate buffer to stop the reaction, washing in PBS, and blocking in blocking buffer, the slides were subsequently incubated with avidin-FITC solution in the dark for 30 min at room temperature and viewed under a fluorescent microscope, followed by washing and mounting coverslip with gel. On day 45 after orthotopic tumor implantation, mouse brains were removed and fixed. Paraffin sections (3-5 Am) were prepared and observed blindly to evaluate tumor size. Tumor size was measured semiquantitatively in terms of maximum cross-section diameter as an index of intracranial tumor size. The variation between the sections in each group was <10% for tumor regression experiments.
Statistical analysis. The significance of the results was determined by the Student's t test (two-tailed). Values are expressed as mean F SD from at least three separate experiments and differences were considered significant at P < 0.05.
Results
Preparation of anti-p65 human scFv and construction of intrabody. Two large phage display libraries, human singlefold scFv libraries (Tomlinson I + J; Cambridge Antibody Technology, Cambridge, United Kingdom), were panned to obtain anti-p65 scFv fragments. After four rounds of panning by polyclonal phage ELISA and monoclonal phage ELISA, crude scFv preparations bound to the target molecule were eluted. The clones that showed a 3-to 5-fold higher specific affinity to the target (86 of 200 randomly picked) were then used for downstream applications. The specific affinity to antigen p65 and the lower affinity binding to nonrelated bovine serum albumin of 28 selected scFv clones were shown in ELISA (Fig. 1A) . Fig. 1 . Characterization and construction of the anti-p65 scFv and intrabody. A, specificity of scFv to p65 bioactive peptide. After four rounds of panning by polyclonal ELISA, 28 scFvs from the positive clones were selected to detect their binding activity in monoclonal ELISA. Briefly, 100 AL of single-phage suspension were added into 96-well plates precoated with p65 peptide or unrelated antigen, bovine serum albumin (BSA), for 3 h of incubation, as well as PBS for negative control. The anti^c-myc mAb, recognizing myc-tag at the COOH-terminal end of scFv, was used as the primary antibody to determine its specific affinity to p65. Following visualization by 3,3 ¶,5,5 ¶-tetramethylbenzidine substrate, colorimetric evaluation was measured at 450 nm. B, structural schema of both scFv and intrabody-encoding genes. NLS, nucleotide sequence of a nuclear localization signal from SV40; arrows, restricted enzyme sites. C, the nucleotide sequence encoding cDNA of nuclear-targeted intrabody against p65 (DNA sequence, 900 bp) was obtained from DNA sequencing of the selected scFvs. D, amino acid sequence of nuclear-targeted intrabody against p65 (protein sequence, 299AA; protein MW, 31,896 g/mol).
The scFv affinity constant was f10 7 (mol/L) À1 according to the result from competitive ELISA. Then the eluted clones were digested with BstNI to analyze the restriction patterns of the samples in agarose gel assays. The results (data not shown) indicate that the selected positive clones were derived from a single group and possessed the same pattern of restriction sites. After putative binders were isolated depending on their affinity in ELISA and were analyzed for diversity by their BstNI restriction enzyme mapping pattern, scFv-encoding inserts of phage clones were amplified by PCR using the primers LMB3 (CAGG-AAACAGCTATGAC) and pHEN (CTATGCGGCCCCATTCA).
The PCR products were visualized at 935 bp in agarose gel analysis, which further confirmed the expected size of the entire scFv cDNA insert (data not shown). The structure of scFvencoding gene derived from pIT2 vector shown in the scheme (Fig. 1B) was confirmed using both DNA sequencing and restriction endonuclease digestion analysis (data not shown).
The results from DNA sequencing revealed that of 28 clones selected, only 4 clones (named clone 1, clone 2, clone 3, and clone 4) had intact, full-length cDNA without TAG stop codons; the others had internal amber (TAG) stop codons, probably as a result of the synthetic assembly process. The four intact scFv-encoding clones contained 732-bp full-length fragments, coding for 244 amino acids, without any premature stop codons, and their molecular weights were f27 kDa.
For nuclear-targeted expression of intrabodies in mammalian cells, the scFv-encoding gene was PCR-modified and cloned into the NcoI and NotI sites of an intrabody plasmid pCMV/nu, which is a 5.0-kb expression vector designed to express recombinant protein as a fusion to a SV40 nuclear location signal and c-myc epitope. The nuclear-targeted anti-p65 intrabody was obtained after cloned in-frame with the nuclear location signal and c-myc epitope at the COOH terminus and expressed as a fusion protein in the nucleus. The scheme in Fig. 1B showed the structure of the intrabody-encoding gene, confirmed by restriction endonuclease digestion analysis (data not shown).
Because the clinical efficacy of the intrabodies depends on their stability rather than their epitope affinity, we did immunoblotting and immunofluorescence assays to analyze their longevities when expressed in glioblastoma cells with recombinant transfection. Compared with the other experimental clones, the recombinant derived from clone 1 presented the longest half-life, indicating its efficient and steady-state accumulation in the nucleus after transit through the cytosol. Therefore, we chose the recombinant, which we named pFv/nu, for further research due to its intracellular stability and activity. The construct pFv/nu was confirmed by double digestion with NcoI and NotI in agarose gel analysis (data not shown) and DNA sequencing (the sequence of its nucleic acid and amino acid was shown in Fig. 1C and D, respectively) . A, expression of anti-p65 intrabody in U251-and U87-transfected cells was determined by Western blotting assay. During the detection of the myc-tagged fusion protein by the anti^c-myc (9E10) mAb, the upper bands were endogenous c-myc proteins in U251or U87 cells whereas the endogenous c-myc protein presents in both cytosolic and nuclear compartments; the lower bands showed expression of GFP or scFv fusion proteins. As described in Materials and Methods, the cytosolic and nuclear fractions from the 48-h posttransfected cells was extracted and loaded into each well of both cytosolic and nuclear lanes of the 12% SDS-PAGE gel with 30 Ag of total proteins per well. Following transfer, the nitrocellulose membrane was incubated with anti^c-myc mAb (clone 9E10) and goat anti-mouse horseradish peroxidase^conjugated IgG as the primary and secondary antibodies, respectively. Consequently, the band of anti-p65 intrabody was visualized with the enhanced chemiluminescence system. B, location of the intrabody in U251and U87 cells as detected by immunofluorescence assay. Briefly, cells with 48-h posttransfection of either pFv/nu or empty control vector, pCMV, were fixed, permeabilized, and incubated with primary antibody, anti^c-myc mAb, followed by fluorescent secondary antibody, goat anti-mouse FITC-conjugated IgG.With a fluorescence microscope, the images of the expressed intrabody in nucleus were acquired for the further analysis. C, colocalization of p65 and anti-p65 intrabody in U251 (top) and U87 (bottom) transfected cells was determined in immunofluorescence assay, as described in (B). Left, distribution of p65 (red) detected with polyclonal anti-p65 antibody, followed by Texas red^conjugated antirabbit IgG. Middle, localization of anti-p65 intrabody (green) detected with c-myc (9E10) mAb, followed by FITC-conjugated antimouse IgG. Right, merged signal by p65 (red) and intrabody (green) in yellow.
Expression and location of anti-p65 intrabody in glioma cells. Western blotting analysis indicated that the anti-p65 intrabody (the below band) was expressed primarily in the nuclei of U251 and U87 cells and only minutely in the cytosolic compartments, whereas samples from mock-transfected and empty vector (pCMV/nu) -transfected cells did not show any bands of the appropriate molecular weight besides the above band of endogenous c-myc protein in each lane (Fig. 2A) . Because the nuclear location signal and the c-myc epitope added f5 kDa to scFv at its COOH terminus, the size of the total scFv-fusion protein was f32 kDa; the bands of GFP proteins were also detected as positive control.
The nuclear location of anti-p65 intrabody was confirmed by immunofluorescence assay after transfection with both pCMV/ nu and pFv/nu. The results (Fig. 2B) concur with those from the immunoblotting analysis. In addition, colocalization of p65 and anti-p65 intrabody is shown in Fig. 2C . The results suggest that anti-p65 intrabody fusion protein presented exactly in the nuclei of human glioblastoma cells. Furthermore, the subcellular localization of anti-p65 intrabody was consistent with the distribution of p65 in the nucleus.
Kinetic analysis of intrabody expression. The result from Western blotting assay (Fig. 3A) shows that a gradual increase in the nuclear expression of the anti-p65 intrabody in U251 and U87 cells was observed on days 0, 1, 2, 3, 5, and 7 after transfection with pFv/nu. Meanwhile, the nuclear p65 expression in the intrabody-transfected cells was reduced by the maximal inhibition rate at 40% (U251) or 51.1% (U87) on day 3 or 5 compared with mock cells (Fig. 3B and C) , determined A, increased expression of anti-p65 intrabody from nuclear fractions of U251and U87 cells was detected on days 0, 1, 2, 3, 5, and 7 after pFv/nu transfection, as determined by Western blotting assay.To monitor the expression of the intrabody, the nuclear extract from the pFv/nu-transfected cells was collected for Western blotting assay with anti^c-myc mAb and goat anti-mouse horseradish peroxidase^conjugated IgG as the primary and secondary antibodies, respectively, whereas anti-GAPDH antibody served as an internal control. B, densitometry results of immunublots described in (A), plotted as change from control amount on day 0 after normalization to GAPDH expression level of each lane. C, depletion of p65 nuclear expression in U251and U87 cells with anti-p65 intrabody transfection was monitored for 7 d by flow cytometry. The nuclear fractions were incubated with anti-p65 antibody as a primary antibody and then with FITC-conjugated goat anti-rabbit IgG antibody as a secondary antibody. D, quantitation of nuclear p65 expression on days 0, 1, 2, 3, 5, and 7 after transfection. The formula used for calculation of expression inhibition was percent inhibition = (p65mock À p65Fv) / p65 mock, which is shown in (C). Points, mean from three separate experiments; bars, SD (P < 0.001).
by flow cytometry. p65 expression level inversely correlated with the increasing expression of the intrabody on days 1, 2, 3, and 5, which was consistent with the hypothesis that the increased expression of anti-p65 intrabody in nucleus might contribute to the reduced p65 expression in tumor cells after pFv/nu transfection.
Effect of anti-p65 intrabody on NF-kB activity. There was no apparent reduction in both fractions of the control samples and cytosolic fraction of intrabody-transfected samples, as determined by Western blotting (Fig. 4A) , whereas a significant decrease in expression of p50, p65, and their phosphorylated forms was detected in the nuclear fraction of intrabodytransfected samples. This implicated that the translocation ability of p65/p50 dimers into the nuclei was apparently inhibited via the intrabody transfection, leading to their downregulation mainly in the nucleus of intrabody-transfected cells. In addition, the result (Fig. 4B) from Western blotting showed that anti-p65 intrabody significantly down-regulated InBa and phospho-InBa by blocking nuclear translocation of NF-nB and transcription of its target genes. However, the expression of InB kinase a as the upstream protein of NF-nB activation signal pathway did not significantly alter. These findings were further shown to be consistent with the results shown in Fig. 4A .
The results (Fig. 4C) from electrophoretic mobility shift assay shows that the ability of NF-nB to bind to probe DNA was almost completely inhibited in the nuclei of U251 and U87 cells transfected with pFv/nu as compared with mock cells and control vector -transfected cells, which showed that NF-nB transcriptional activity was significantly inhibited by the intrabody transfection.
Effect of transfection on cell proliferation and apoptosis of glioma cells. Figure 5A shows that the growth rate of all the cells of 72-h posttransfection was very similar in MTT assay, suggesting that transfection does not alter cell proliferation rate in these cells.
The result (Fig. 5B and C) indicates that transfection might, to a small degree, induce apoptosis in glioma cells. However, there was no significant difference between pCMV/nu (control vector) and pFv/nu (experimental construct), which implies that the intrabody does not seem to induce NF-nB -mediated apoptosis.
Effect of anti-p65 intrabody on invasion and angiogenesis via blocking NF-kB bioactivity. Western blotting assay (Fig. 6A) and RT-PCR assay (Fig. 6B) showed reduced expression of protein and mRNA of MMP-9, uPAR, uPA, and VEGF after transfection with anti-p65 intrabody. Enzymatic activity of MMP-9 and uPA was significantly inhibited as compared with the controls by gelatin and fibrin zymography (Fig. 6C) . The expression level in related target proteins and mRNAs of each cell line showed a cell line -specific difference (Fig. 6A and B) , in which VEGF decreased dramatically with intrabody expression in U251 but not in U87 cells, whereas MMP-9 expression showed more reduction in U87 than in U251 cells. It implied that decreased NF-nB -mediated protein expression by intrabody expression is attributed to the cell line -specific difference and the effect of other transcriptional cofactors besides those controlled by NF-nB.
The result (Fig. 7A ) from Matrigel invasion assay indicates that intrabody transfection significantly inhibited the invasion of U251 and U87 cells by 88.6% and 84%, respectively, as compared with mock-transfected and control vectortransfected cells. Furthermore, the results (Fig. 7B) showed that HMECs treated with conditioned media from mock-and pCMV/nu-transfected glioblastoma cells were able to form capillary-like structures. It shows that HMECs treated with conditioned media from pFv/nu-transfected U251 and U87 cells showed less capillary-like networks (60.5% and 62.1%, respectively), as compared with the controls. Additionally, capillarylike structure formation was observed using immunofluorescent staining for factor VIII in cocultured assay. HMECs cultured with mock-and pCMV/nu-transfected cells exhibited capillary networks, whereas the formation of capillary-like structures in pFv/nu-transfected U251 and U87 cells was almost completely suppressed (87.8% and 78.6%, respectively; Fig. 7C) .
Furthermore, results from the invasion and angiogenesis assay indicated that the abilities of local invasiveness and neovascularization of glioma cells showed cell line -specific differences associated with intrabody expression. As we detected, the invasive ability of U87 cells was significantly impaired, as well as that of U251 cells in which the expression of uPA and MMP-9 showed less reduction. Although the VEGF expression in U87 cells was not inhibited as much as that in U251 cells, the formation of capillary-like structure was almost completely suppressed in U87 cells with the intrabody expression. It suggested that the proposed molecular basis for endothelial tube formation and local invasion is a very complicated process, which involved interactions of multiple molecules such as adhesive molecules, epidermal growth factor receptor family, and other transcription cofactors.
Inhibition of anti-p65 intrabody on intracranial tumor growth in nude mice. Having shown that anti-p65 intrabody decreased invasion and angiogenesis by down-regulation of MMP-9, uPA, and VEGF in U251 and U87 cells in vitro, we tested the growth of the tumors accomplished by pFv/nu-transfected cells using an orthotopic intracranial glioma model. As shown in Fig. 8A and B, the tumors intracranially injected with pFv/ nu-transfected U251 or U87 cells showed a significant reduction as compared with control groups, whereas U251 (or U87) cells developed obvious intracranial tumors in nude mice.
Discussion
With the advent of phage display libraries derived from the human IgG repertoire, an scFv against the target of interest can be selected in a relatively short time. Over the past decade, there has been growing interest in the use of scFv fragments aimed at intracellular targets to inhibit protein expression and trafficking as a gene therapeutic strategy against cancer, commonly referred to as intrabody. Because intrabodies can Fig. 4 . Effect of anti-p65 intrabody on NF-nB activity. A, reduced expression of p65, p50, and their phosphorylated forms in cell nucleus. Expression of p65/p50 heterodimer in nuclear extractions and cytosolic fractions of U251and U87 tumor cells after transfection with anti-p65 intrabody recombinant was determined by Western blot assay, as described in Materials and Methods. GAPDH antibody was used to verify that the same amount of protein has been loaded in each lane. B, the expressions of NF-nB activity^related proteins in human glioma U251and U87 cells after transiently transfection with recombinants were analyzed byWestern blot assay, as described in Materials and Methods. GAPDH antibody was used as an internal control.Western blot results are representative of three independent preparations. A (right) and B (bottom), quantitation analysis of the respective data. Columns, mean of three observations followed by normalization with GAPDH protein amount. The relative protein expression in each lane was compared with untreated mock cells, arbitrarily as one unit (AU, arbitrary unit). C, effect of anti-p65 intrabody expression on the DNA binding activity of NF-nB in human glioma U251 (left) and U87 (right) cells after transient transfection with recombinant pFv/nu in electrophoretic mobility shift assay, detected as described in Materials and Methods. First, nuclear proteins were incubated with a biotin-labeled NF-nB probe or an unlabeled cold probe after preparation of nuclear extracts. Subsequently, the shifted bands of the protein/DNA complexes were separated from the unbound dsDNA by running on a 6% nondenaturing polyacrylamide gel. Following Pall Biodyne B membrane transfer, immobilization of bound oligonucleotides, and exposure to film, the shifted bands were visualized by enhanced chemiluminescent system. For supershift assay, anti-p65 and anti-p50 antibodies were added to the nuclear extracts before incubation with the DNA probe.
be directed to specific subcellular compartments and precise epitopes on target proteins, they have the potential to block only one of several functions of an expressed protein at the posttranslational level. This potential has been exploited by several laboratories in gene therapeutic strategies as well as in revealing the biological function of proteins in cancer, AIDS, and other research areas (13 -15) . Intrabodies present a potent alternative to methods of gene inactivation that allows for targeting at the level of DNA or mRNA, such as antisense oligonucleotides (16) , zinc finger proteins (17) , and RNA interference (18) . In the present study, we succeeded in using the human single-fold scFv libraries (Tomlinson I + J) to prepare for the humanized anti-p65 intrabody precisely expressed in the nucleus of glioma cells as determined by immunoblotting and immunofluorescent results and also proved that the recombinant presented a longer half-life and more effective intracellular activity.
In the past, scFvs derived from high-affinity antibodies were thought to be most desirable for use as intrabodies due to their inherent antigen-binding properties. However, growing evidence suggests that the intracellular stability of an intrabody, not its affinity, is most critical for its efficacy. A useful description of an effective intrabody should include specificity, affinity, and intracellular stability, where stability is the determining factor for intrabody efficacy. Stability seems to be especially important when intrabodies are expressed in the strongly reducing environment of cytosol, which disrupts the formation of intrachain disulfide bridges that can be essential for the proper folding, solubility, and inherent stability of scFvs. ScFvs with extended half-lives have been shown to achieve higher steadystate expression levels, a by-product of which seems to be a more effective target molecule inactivation. Removal from the harsh cytosolic environment by directing scFvs expression to the ER or nucleus can also increase half-life, as long as the desired localization was detectable for interaction with the target protein (19 -24) . Our construct pFv/nu, which displayed a long half-life and accumulated at steady-state level in the nucleus even after transit through the reducing cytosolic environment, proved to be suitable for the interaction with the target molecule owing to its intracellular stability and activity. In future research, to enhance intracellular stability and activity of the intrabody in the in vivo environment, it is proposed that we could fuse the scFv with other stabilized fragments such as Fc of human IgG, or establish other additional intracellular screening steps such as ribosome display, mRNA display, and yeast two-hybrid screening after the primary phage display (25 -28) .
Local invasive infiltration and growth are key features in glioblastoma, which are accompanied by remodeling of the vasculature and by the destruction of the surrounding tissues. Several reports in human gliomas showed overexpression of uPA, uPAR, MMP-9, and VEGF, which are involved in the adhesion, invasion, metastasis, and angiogenesis of human glioblastomas. Numerous studies on interference with the uPAuPAR system and the MMP and VEGF pathways have shown the successful inhibition of neovascularization and tumor growth in preclinical or clinical trials (29 -40) . It has been shown that the nB binding site of NF-nB was identified in the promoter regions of uPA, uPAR, MMP-9, and VEGF genes. As such, their transcriptional activation could be controlled by NF-nB in the nucleus where it recognizes and functionally binds to their Fig. 6 . The effects of mock-, pCMV/nu-, pGFP/nu-, and pFv/nu-transfected cells on the expression of MMP-9, uPAR, uPA, and VEGF at protein and mRNA levels by Western blotting assay (A) and RT-PCR assay (B), respectively, as described in Materials and Methods.The used primers for mRNA expression detection of MMP-9, uPAR, uPA,VEGF, and GAPDH were shown inTable 1. Results fromWestern blots and RT-PCR are representative of three independent preparations. A and B, right, quantitation of the respective data. Columns, mean of three observations and normalized to untreated mock cells, arbitrarily chosen as one unit. C, effect on enzymatic activities of MMP-9 and uPA in transfected cells. Gelatin zymography for MMP-9 and fibrin zymography for uPA in U251and U87 cells after 48-h transfection with mock, pCMV/nu, pGFP/nu, and pFv/nu were done. Briefly, the conditioned medium from transfected cells was collected, followed by incubation with serum-free medium and protein estimation. Equal amount of protein was loaded into nondenaturing SDS-PAGE gel containing relevant substrates. Subsequently, the gel was incubated at 37jC overnight, stained, and destained; the clear bands in the gels represent enzymatic activity of MMP-9 or uPA. Representative of three separate experiments. bars, SD (P < 0.001). B, HMEC endothelial cells treated with conditional medium from U251and U87 glioma cells after intrabody transfection by in vitro angiogenesis assay. The conditioned medium of glioma cells was collected after 48-h transfection following filtering of medium. HMEC-1endothelial cells seeded in eight-chamber slides were cultured with the above medium for 72 h until the formation of capillary network was observed. In the end of the experiment, angiogenesis was assessed by H&E staining and photographed under a microscope. Right, columns, mean from three separate experiments; bars, SD (P < 0.001). C, formation of capillary-like structures in coculture of endothelial HMEC cells and glioma U251/U87 cells after intrabody transfection. The mock or 48-h posttransfected glioma cells were plated onto eight-chamber slides following seeding of HMEC-1endothelial cells to coculture constitutively for 72 h until the formation of capillary network. The angiogenesis was assessed by the immunofluorescent staining of factor VIII and quantified under a fluorescent microscope. Right, columns, mean from three separate experiments; bars, promoters and further triggers their transcription (29 -33) . Moreover, aberrant or constitutive activated NF-nB has been detected in human high-grade gliomas (3 -5) . Based on the important role of NF-nB and its mediated genes in tumor growth, angiogenesis, invasion, and metastasis, blocking NF-nB activity to inhibit target gene expression could then serve as a promising approach for cancer therapy. According to reports, constitutive NF-nB activity in cancer cells can be inhibited through down-regulation of the NF-nB intrinsic inhibitor InB; its specific upstream kinases such as phosphatidylinositol 3-kinase, protein kinase C, mitogen-activated protein kinase, and InB kinase; and a nonspecific proteasome inhibitor, PS-341 (40 -43) . We therefore hypothesized that direct blocking NF-nB transcriptional activity by intrabody expression could contribute to the inhibitory expression and activity of MMP-9, uPA, uPAR, and VEGF, resulting in inhibition of tumor invasion, metastasis, and angiogenesis of human gliomas.
For the first time, we reported that the inhibition of p65 transactivation by anti-p65 intrabody expression in the nucleus might suppress the transcriptional activity of NF-nB, resulting in the inhibition of the expression and activity of its target proteins associated with human glioma invasiveness and angiogenesis. Based on the kinetic analysis (Fig. 3) , we showed that nuclear p65 level decreased maximally with inhibition rates of 40% (U251) and 50% (U87) on day 3 (in U251) or day 5 (in U87), respectively. After that time point, the expression level of nuclear p65 started to be restored although the intrabody amount maintained a raised trend until day 7 after transfection, suggesting that the action mechanism of the intrabody herein, which is able to neutralize its target protein (p65), change its space conformation by forming the antigen-antibody (p65-intrabody) complex, and then inhibit the nuclear p65 expression, was a reversible and time-limited reaction based on a certain level of expression of the intrabody in nucleus. As such, the depleted nuclear p65 could be free partly once the nuclear anti-p65 intrabody was degraded to release p65 protein from the complex due to the transient expression of the intrabody after transient pFv/nu transfection into the glioma cells. In addition, the expression of the intrabody showed a cell line -specific difference that the increasing ratio of the intrabody in U87 cells was significantly more than that in U251 cells, which might explain why the depletion of nuclear p65 in U87 cells could maintain longer than in U251 cells. To overcome this transient depletion of p65, the selection of a stably transfected clone could be a helpful approach to obtain a stable nuclear expression of the intrabody. In addition, we are planning to screen an intrabody able to directly degrade its target protein (p65) after binding reaction, which could be another more effective way to completely inhibit the activity of NF-nB in nucleus. The result from intracranial tumor experiment showed remarkable inhibition of tumor growth after injection with stable clones of pFv/ nu-transfected U251 or U87 cells compared with obvious intracranial tumors established by control vector -transfected U251 (or U87) cells in nude mice, which further showed that the constant inhibition of tumor growth by pFv/nu transfection could be observed after stable expression of the intrabody.
Because most of studies on NF-nB indicate that it mediates the expression of antiapoptotic and proapoptotic proteins, we detected whether apoptotic cells were induced after transfection. However, there was no apparent difference in the number of apoptotic cells (Fig. 5B and C) , suggesting that anti-p65 intrabody expression did not induce the NF-nB -mediated apoptosis pathway. Although the expression of its target antiapoptotic proteins, such as FLIP and Bcl-X L , was decreased by the inhibition of NF-nB transcription activity in our experiment (data not shown), the caspase expression associated with apoptotic phenotype did not increase. This implies that there perhaps exists an alternativesignaling pathway to prevent apoptosis of glioma cells.
In conclusion, blocking the transcriptional activity of NF-nB using anti-p65 nuclear-targeting intrabody inhibited glioblastoma cell angiogenesis, invasion, and intracranial tumor growth via the down-regulation of MMP-9, uPAR, uPA, and VEGF. As such, this approach may be useful for the treatment of gliomas as well as other tumors. Furthermore, the intrabody strategy provides a novel way to interfere with NF-nB activity in the nuclear compartment and to study the biological significance of the NF-nB signaling pathway in cancer biology. 6 in serum-free medium), control vector (pCMV/nu and pGFP/nu), and intrabody (pFv/nu)^transfected cells were injected intracranially, respectively. After 5 wk, mice from each group (five per group) were killed and their brains removed, fixed in formaldehyde, sectioned, and stained (H&E). B, semiquantification of tumor volume in control, pCMV/nu-, pGFP/nu-, and pFv/nu-treated groups. Sections were observed blindly and scored semiquantitatively for tumor size under a microscope (Â100; Olympus BX16). Columns, mean from five animals in each group; bars, SD (P < 0.001). 
